Dead-zone inverse methods have been used in adaptive control schemes to compensate for systems with an unknown dead zone. The problem with these techniques is that steady state error may still exist. It is shown in this paper that controller with integrating action can be used to remove steady state error arising from the unknown dead zone. By treating the effect of an unknown dead zone as a bounded disturbance being injected into the system, a plant parametrization that is linear in a set of unknown parameters is developed and the estimation algorithm is proposed. A novel feature of the adaptive controller proposed here is the integrating action in the controller. Stability analysis shows that the adaptive scheme ensures boundedness of all closed-loop signals and eliminates traclung errors. As illustrated in a simulation example, the proposed adaptive controller is simple to implement and accurate tracking can be achieved.
Introduction
Dead zone is a common nonlinearity in actuators such as hydraulic servo-valves. The difficulty in compensating for dead zone is that its parameters are generally unknown and may vary with time. However, it is well known that without suitable compensation, the response of a system designed assuming the system is linear can deteriorate rapidly, leading to steady state errors, oscillatory response or even instability. To compensate for dead zone, a direct adaptive control has been analyzed by Recker et al. [ 
11.
A recursively updated dead zone inverse is introduced in front of the dead zone to minimize the effect of the dead zone. Tao and Kokotovic [2, 31 extended the method from full state measurement to a single output measurement. Recently, Recker et al. [4] extended the direct approach to an indirect one for discrete systems. The limitation of using dead zone inverse is steady state errors can still arise. This is because the estimated dead zone parameters are not unique, and consequently may not converge to their true values. As the dead zone cannot be eliminated completely using the estimated dead zone inverse, steady state errors may exist, as discussed later in this paper.
A general compensator for known systems with unknown dead zone is proposed in [5] . The motivation for the general dead zone compensation is that the difference between the controller output and the dead zone actuator output can be considered as a disturbance being injected into the system. Dead zone compensation is then achieved by adding a term involving the disturbance to the controller. With a suitable choice of the compensator, steady state error can be eliminated and the transient response and the stability of the compensated system be improved.
In this paper, the approach proposed in [5] is extended to adaptive control. Instead of using the dead zone inverse, a controller with integrating action is proposed to eliminate the steady state error arising from the dead zone. The approach proposed here not only has the stability properties discussed in [ 1-41 but also eliminates the steady state error, which is not always possible in the other approaches. This paper is organized as follows. In Section 2, the control problem is formulated. The linear parametrization of the plant and a parameter estimation algorithm are discussed in Section 3. The computation of the controller parameters using the estimated plant parameters and the stability analysis of the system are given in Section 4. An example illustrating the results is given in Section 5.
Problem Formulation
Consider a system consisting of a linear time invariant plant -B1(s) and an unknown dead zone, as shown in implemented by the actuator and can be interpreted as introducing a nonlinear disturbance 6' in the system, where ijl is defined as,
The output of the system is now given by, where B(s) = kJl,(s), A(s) =AI@) and is Laplace transfer variable. It should be noted that if m, + mr, the parameters of B(s) is not constant at v(t)=O point. Suppose the system satisfies the following assumptions,
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The piecewise linear nonlinearity is in the span of the control; where A,,, = (s + a,)@ + a&,,, is monic polynomial of degree ( n + 2 ) whose roots are the desired poles of the closed-loop system; Bm is a polynomial with stable roots of degree m; uc is input.
Plant Parameter Estimation
To estimate the plant parameters in ( 
Controller Design and Stability Analysis
A block diagram of our adaptive system is shown in Fig. 2 , where the controller can be expressed as, To analyze the properties of the adaptive control system, the following Lemmas are needed. 
Lemma 4.1 A strictly proper rational transfer function H(s) is analytic in R,{s} > 0 ifand only i f h E L , , where h(t) is the system's impulse transfer function and H(s) is the Laplace transfer function of h(t).

Lemma 4.2 If h EL,,= then
Vm(O. 0
A procedure to calculate the adaptive control is as below.
Step 1:
Step 2:
Step 3:
Estimate the parameters in (3.1) by the modified least-squares approach (3.4) ; From the estimates of Step 1, compute the controller using (4.4)-(4.7); calculate the control signal from (4.2). 
Example
